The flow pattern based flow boiling heat transfer and twophase pressure drop models for CO 2 , recently developed by Cheng et al. [1, 2] , have been used to predict the thermal performance of CO 2 in a silicon multi-microchannel evaporator (67 parallel channels with a width of 0.223 mm, a height of 0.68 mm and a length of 20 mm) used for cooling of microprocessors. First, some simulation results of CO 2 flow boiling heat transfer and two-phase pressure drops in micro-scale channels are presented. The effects of channel diameter, mass flux, saturation temperature and heat flux on flow boiling heat transfer coefficients and two-phase pressure drops are addressed. Then, simulations of the base temperatures of the silicon multi-microchannel evaporator using R236fa and CO 2 evaporation were performed for the following conditions: base heat fluxes q b = 20-100 W/cm 2 , mass flux G = 987.6 kg/m 2 s and saturation temperature T sat = 25°C. It shows that the base temperatures using CO 2 are much lower than those using R236fa. Compared to R236fa, CO 2 has much higher heat transfer coefficients and lower pressure drops in the multimicrochannel evaporator. However, the operation pressure of CO 2 is much higher than that of R236fa. Based on the analysis and comparison, CO 2 appears to be a promising coolant for microprocessors at low operating temperatures but also presents a great technological challenge like other new cooling technologies.
INTRODUCTION
Advances in micro-electronics technology continue to develop with surprisingly rapidity and the energy density of electronic devices to be dissipated is becoming much higher.
Thus, the thermal emission delivered from micro-electronic elements and components is still increasing considerably. Therefore, it is essential to develop new high heat flux cooling technology to meet the challenging heat dissipation requirements.
With the rapid miniaturization of devices to nanoscale and microscale, the new technologies taking advantage of these advances are faced with very serious heat dissipation problems per unit volume (cooling CPUs and power electronics). The main issues in future trends for cooling of microprocessors are to dissipate footprint heat fluxes as high as 300 W/cm 2 or more while maintaining the chip safely below its maximum working temperature (less than 85°C) and providing a nearly uniform chip base temperature, the whole with a minimal energy consumption. This means that the conventional cooling technology, i.e. air cooling, will no longer be able to satisfy these heat duties. New solutions must be found to solve this problem. One possible solution is to use forced vaporization in micro-channels (multi-channels made of silicon or copper which may be used in copper cooling elements attached to CPUs in stacked CPUs, or directly in the silicon chip itself) by making use of the high heat transfer performance of two-phase flows [3] [4] [5] [6] [7] [8] [9] [10] . In this aspect, flow boiling of low pressure refrigerants in multi-channel evaporators is a promising technique. The recent experimental results of high heat flux flow boiling of two refrigerants R236fa and R245fa in silicon multi-microchannels by our laboratory have shown very good heat transfer behaviors [9, 10] .
To further explore the use of environmentally friendly refrigerants for the cooling of micro-processors, the present paper presents analysis of cooling of microprocessors using flow boiling of CO 2 in a silicon multi-microchannel evaporator. CO 2 is a natural refrigerant and has been intensively investigated for automobile air-conditioning, refrigeration and heat pump systems over the past decade [1, 2, [11] [12] [13] . New flow pattern based heat transfer and pressure drop models for CO 2 evaporation have been recently developed in our laboratory for use in the design of micro-channel evaporators in automobile air-conditioning systems [1, 2] and are improvements of our previous models [12] [13] . These models accurately predicted heat transfer coefficients, flow patterns and pressure drops over a wide range of conditions, including tube diameters from 0.6 to 10.06 mm. Especially, these models predicted the heat transfer and pressure drops in both single and multi micro-channels.
In the present study, our recent models for CO 2 [1, 2] have been used to predict the thermal performance of CO 2 evaporation in a silicon multi-microchannel evaporator (67 parallel channels with a width of 0.223 mμm, a height of 0.68 mm and a length of 20 mm). This geometry was chosen since we have recent test data for such a test section with a low pressure refrigerant R236fa [9] . First, some simulated results of CO 2 flow boiling heat transfer and two-phase pressure drops in micro-scale channels are presented for various conditions. The effects of channel diameter, mass flux, saturation temperature and heat flux on flow boiling heat transfer coefficients and twophase pressure drops are analyzed. Then, simulations of base temperatures of the silicon multi-microchannel evaporator, comparing R236fa and CO 2 Figure 1 shows the schematic of the silicon multimicrochannel heat sink investigated in the present paper. It consists of 67 microchannels. The dimensions of the microchannels are the same as those of Agostini et al. [9, 10] and are given in Table 1 , where the hydraulic diameter and equivalent diameter are defined as 2
Geometry of Silicon Multi-Microchannel Evaporator
The physical model is described as follows: (i) the bottom of the heat sink is uniformly heated by electric heating at a base heat flux q b , (ii) the top of the heat sink is adiabatic, (iii) the coolant (CO 2 or R236fa) flows in the silicon multimicrochannel evaporator without inlet subcooling, ΔT sub = 0 K.
With these conditions, the base temperature T b will be simulated using CO 2 and R236fa evaporation in the silicon microchannel evaporator at some operational conditions and the simulated results compared. Table 2 shows a comparison of the selected physical properties of R236fa and CO 2 at T sat = 15°C, which is within the range of the simulation, from -15 to 25°C. The physical properties were obtained from REFPROP version 7.0 [14] . The latent heat of CO 2 is higher than R236fa. The liquid and vapor density ratio of R236fa is much higher than that of CO 2 . The liquid viscosity of R236fa is much higher than that of CO 2 and the surface tension of R236 is much higher than that of CO 2 . The physical property differences may explain the different heat transfer and two-phase pressure drop behaviours for these two fluids. Both the selected mass flux and base heat flux here represent the maximum values used in the present study. It can be seen from Fig. 1 that the exit vapor qualities of CO 2 are much lower than those of R236fa at the same conditions. This is very meaningful when selecting a coolant for cooling microprocessors using the silicon multi microchannel evaporator because the two-phase pressure drop is directly proportional to x e .
Physical Properties of R236fa and CO 2

SIMULATION OF FLOW BOILING HEAT TRANSFER AND TWO-PHASE PRESSURE DROPS OF CO 2
The recent flow boiling heat transfer and two-phase pressure drop models for CO 2 of Cheng et al. [1, 2] are used to simulate the heat transfer and pressure drop behaviors of CO 2 in microchannels with diameters ranging from 0.44 to 1 mm. For non-circular channels, the equivalent diameter D eq should be used in these models. Thus, the microchannels in Fig. 1 , with an equivalent diameter D eq = 0.44 mm, is included in the simulations below. It should be pointed out that these models are extrapolated below its minimum diameter limit of 0.6 mm. However, the predicted heat transfer and pressure drop results still show some interesting parametric trends which are helpful in selecting heat transfer coefficients for the simulation of base temperatures of the silicon multi-microchannel evaporator in Fig. 1 . No equations of our model are presented here but can be found in [1, 2] . The experimental results for R236fa together with their test conditions and methods can be found in [9] . Figure 3 shows the effect of channel diameter on CO 2 heat transfer. Heat transfer coefficient increases with decreasing channel diameter. However, this variation is not so notable in the selected diameter range of micro-channels. 
Simulation Results of CO 2 Flow Boiling Heat Transfer
Figure 4
The effect of saturation temperature on CO 2 heat transfer Figure 4 shows the effect of saturation temperature on CO 2 heat transfer. Heat transfer coefficient increases with increasing saturation temperature from 0 to 15°C. Saturation temperature has a significant effect on heat transfer coefficient. Figure 5 shows the effect of heat flux on CO 2 heat transfer. The heat transfer coefficient increases strongly with increasing heat flux. Figure 6 shows the effect of mass flux on CO 2 heat transfer. The heat transfer coefficient increases with increasing mass flux, with the variation becoming larger at high vapor qualities. However, the increase of heat transfer coefficient is not so notable in actual percentage terms. Figure 7 shows the effect of channel diameter on CO 2 twophase frictional pressure drop for G = 1500 kg/m 2 s and T sat = 0°C. The two-phase frictional pressure drop increases with tube diameter and the diameter effect is significant. Figure 8 shows the effect of saturation temperature on CO 2 two-phase pressure drop for G = 1500 kg/m 2 s, D = 0.44 mm (equivalent diameter of the microchannels in Fig. 1 is used here) and L = 20 mm. The two-phase frictional pressure drop decreases with saturation temperature. The effect of saturation temperature becomes significant at high vapor qualities. The effect of mass flux on CO 2 two-phase pressure drop
The total two-phase pressure drop Δp total for horizontal channel equals two-phase frictional pressure drop Δp f plus acceleration pressure drop Δp a as
where void fraction ε is calculated with the Rouhani and
From the simulated pressure drop results, it may be concluded that a high saturation temperature and a low mass flux should be selected to obtain low pressure drops, so as to reduce the pumping power for a fixed channel diameter. In the case of a base heat flux q b = 300 W/cm 2 (3MW/m 2 ) and a mass flux G =1500 kg/m 2 s indicated by the dashed line in Fig. 9 , this results in an exit vapor quality of 0.45, the frictional pressure gradient is 780 kPa/m. This corresponds to a frictional pressure drop less than 16 kPa for the microchannel length L = 20 mm.
Considering the accelerational pressure drop Δp a evaluated by Eq. (5) (about one-third of the two-phase frictional pressure drop), the total two-phase pressure drop Δp total evaluated by Eq.
(4) in a single microchannel is less than 25 kPa, which is much less than that for R236fa (162 kPa evaluated by the homogeneous model [9] ). Thus, using CO 2 requires much less pumping power than R236fa for the same conditions.
SIMULATED BASE TEMPERATURES IN A MULTI-MICROCHANNEL EVAPORATOR
Simulations of base temperature of the silicon multimicrochannel evaporator in Fig. 1 have been performed. First, wall heat fluxes q W were assumed to predict the flow boiling heat transfer coefficients of CO 2 for certain conditions. Then, Eq. (7) was used to determine the wall temperature T W . Finally, Eqs. (8) to (12) were iteratively solved to obtain the base temperatures. The heat transfer coefficient was defined as
and the base heat flux was evaluated as [16] : 2
where the fin efficiency was calculated as follows [16] :
The thermal conductivity of silicon was calculated as in [9] 
The base temperature was calculated with a one dimensional heat conduct model as Figure 10 shows the simulated base temperatures of CO 2 flow boiling in the silicon multi-microchannel evaporator at three different saturation temperatures and a mass flux of 1000 kg/m 2 s. It can be seen that a lower saturation temperature can contribute to lower base temperatures. However, in practical applications, the higher energy cost caused by using a lower temperature should be considered. 
Figure 11
Simulation of base temperature of CO 2 for two different mass fluxes at a fixed saturation temperature Figure 11 shows the simulated base temperatures of CO 2 flow boiling in the silicon multi-microchannel evaporator at mass fluxes of 500 kg/m 2 s and 1500 kg/m 2 s and at a saturation temperature of 15°C. With the higher mass flux, a higher base heat flux may be cooled. For the lower mass flux, a more limited heat flux may be dissipated by the evaporator because of the limitation of the exit vapor quality x e . For the lower mass flux at higher heat flux, the exit vapor quality may reach 1 and thus cooling is no longer effective. Figure 12 shows the comparison of the simulated base temperatures of CO 2 and R236fa flow boiling in the silicon multi-microchannel evaporator at a mass flux of 987.6 kg/m 2 s and a saturation temperature of 25°C for base heat fluxes in the range from 20 to 100 W/cm 2 . It can be seen that CO 2 can achieve lower base temperatures than R236fa by 4 to 6 K. It should however be pointed out that very high heat flux cooling is beyond the applicable conditions of the CO 2 models. In the simulations, heat transfer coefficients at much lower heat fluxes (less than 5W/cm 2 ) were used in the simulation. This makes the simulated results much more conservative. However, further experiments are needed for CO 2 flow boiling in microchannels to extend the heat transfer model to extremely high heat fluxes and to understand the physical mechanisms which might be quite different from those in macro-scale channels. Apparently, no such information is available so far.
Although CO 2 has much better thermal performance and much lower pumping power requirements than R236fa, it must be realized that the operational pressure of CO 2 is much higher than R236fa. Therefore, CO 2 also presents a great technological challenge like other new cooling technology.
CONCLUSIONS
In this study, simulations of the base temperatures of a silicon multi-microchannel evaporator using CO 2 for evaporation were performed for q b = 20-100 W/cm 2 , G = 987.6 kg/m 2 s and T sat = 25°C. It shows that the base temperatures using CO 2 are 4-6 K lower than those using R236fa. CO 2 has much higher heat transfer coefficients and lower pressure drops in the multi-microchannel evaporator than R236fa. However, the operational pressure of CO 2 is much higher than that of R236fa. Based on the analysis and comparison, CO 2 appears to be a promising coolant for microprocessors for low temperature applications. Further study on the application of CO 2 flow boiling for chip cooling should be investigated.
